Abstract-The high voltage impulsive breakdown process in water is complex, with the nature of the impulsive breakdown depending upon the magnitude, polarity and rise time of the HV impulses, the water conductivity, and the electrode topology. In the case of μs and sub-μs high voltage impulses of sufficient magnitude, the breakdown develops through the formation of plasma streamers in the water. When the first streamer crosses the entire inter-electrode gap, the energy released in the breakdown channel transforms this channel into a gas/vapor cavity, which pulsates and radiates acoustic impulse(s). Optimisation of the hydrodynamic (period of cavity oscillation) and acoustic (peak magnitude of the acoustic impulse(s)) parameters is required for practical applications of these underwater spark discharges. The present paper analyses the functional behavior of the period of cavity oscillation and the peak magnitude of the acoustic impulse for spark discharges generated by self-triggered underwater discharges (free discharges), spark discharges triggered by air bubbles injected into the inter-electrode gap, and wire-guided discharges. The advantages and limitations of these methods of generation of underwater acoustic impulses by spark discharges are discussed.
I. INTRODUCTION
Impulsive breakdown of water has been intensively studied for several decades. Typically, two main phases are distinguished in the breakdown process: the pre-breakdown phase, which is completed by the formation of the conductive breakdown channel between the electrodes immersed in water; and the post-breakdown phase, during which the energy is released into the breakdown channel, resulting in the growth of a gaseous cavity and the generation of strong acoustic impulse(s). In the case of selfbreakdown (free) underwater discharges and air-bubble stimulated discharges, the first phase is typically associated with the development and propagation of plasma filaments (streamers) across the inter-electrode gap. In the case of wire-guided discharges, the plasma channel between the electrodes is developed by the rapid heating and disintegration of the conductive wire initially placed between the HV and ground electrodes. In all cases, the second, post-breakdown phase is characterised by the deposition of energy into the established conductive plasma channel, causing rapid heating and expansion of this channel.
The expanding plasma channel generated through selfbreakdown, gas-bubble-triggered or wire-guided breakdowns drives a strong acoustic pressure impulse into the surrounding water. In the 1960s, several research papers were focused on the development of different practical applications of such impulses. For example, in [1 -3] , the electro-hydraulic pressure impulses generated by underwater free spark discharges were used for comminution of different solid materials (rocks and minerals). This discharge method of crushing and breakage of solids was developed further by several research groups: spark plasma discharges were used for recycling of solid materials [4 -6] and for electric spark peening, [7] . In addition, underwater pressure impulses can be used for medical and biological applications such as lithotripsy, inactivation of microorganisms [8] , and for environmental applications including water treatment [9] . In the field of pulsed power, operation of water-filled crowbar switches is based on impulsive breakdown of water [10] .
The present paper provides an analysis of different approaches that could be used to minimise the energy losses, caused by conduction between the electrodes, before formation of the breakdown channel. The post-breakdown characteristics of the transient plasma channel, i.e. the plasma resistance, the period of the gas cavity oscillations, and their functional dependencies on the pulsed power circuit parameters, are also presented and discussed. For all types of discharges considered in this paper, the functional dependencies of the period of cavity oscillations, the resistance of the plasma channel, and the peak acoustic magnitude, on the energy deposited into the spark channel have been obtained. The paper provides a comprehensive picture of the functional behavior of the hydrodynamic and acoustic parameters for the three discharge types considered. The results obtained will be helpful in optimising and tailoring the parameters of pulsed power circuits and underwater discharges for different practical and industrial applications.
II. BREAKDOWN WAVE-FORMS
In the present work, the hydrodynamic and acoustic parameters of the underwater spark discharges generated by free breakdown of self-triggered gaps, spark discharges stimulated with injected air bubbles, and wire-guided 978-1-5090-4877-9/17/$31.00 ©2017 IEEE discharges are considered. The comparative analysis of these discharges is based on experimental results obtained using a capacitive energy storage pulsed power supply. Three different storage capacitances (155 nF, 266 nF, and 533 nF) and three different charging voltages (25 kV, 30 kV, and 35 kV) were used. This wide range of energies available to the discharges has been tested using all three types of discharge (free discharges, air-bubble-stimulated discharges, and wire-guided discharges).
The experimental set-up including the pulsed power system and the electrical and acoustic diagnostic equipment has been described in detail in [13] . The electrode systems used are described: for free discharges in [13] ; for airbubble discharges in [14] ; and for wire-guided discharges in [15] . Examples of the current and voltage waveforms for all types of discharge are shown in Fig. 1 . It can be seen that, in the case of the same inter-electrode distance, 15 mm (for free discharges and air-bubble triggered discharges) and 15 mm length of the guiding wire, the pre-breakdown time is significantly shorter for the air-bubble triggered discharges than for the free discharges. The time of the wire disintegration in the case of wire-guided discharges is significantly shorter than the pre-breakdown time for both the free and air-bubble stimulated discharges. Thus, the prebreakdown energy losses, which occur due to conduction across the gap in the interval between voltage application and breakdown, can be substantially reduced by using airbubble stimulated and wire-guided discharges. The pre-breakdown phase of the spark discharge is completed by the formation of the conductive plasma channel between the electrodes, which results in the appearance of a high conduction current in this channel, leading to its expansion and transformation into a gas cavity. The dynamics of the plasma/gas cavity formed by free discharges in water have been intensively studied. In [11] and [13] , it was shown that the transient process of the energy deposition into the plasma channel can be described using a constant resistance approximation, i.e. assuming that the resistance of the plasma is constant during the current oscillations. This approach simplifies the hydrodynamic description of the plasma/gas cavity, allowing for analysis of the period of cavity oscillation and the cavity radius. The cavity radiates the primary acoustic impulse during its expansion phase, and a secondary impulse during its collapse phase. Typically, several expansion-collapse cycles of the gas cavity are observed. For different practical applications, it is important to predict and optimise both the hydrodynamic and the acoustic parameters of the pulsating plasma/gas cavity developed by the spark discharge. Fig. 2 summarises the results of measurements of the period of cavity oscillation for all 3 types of discharges: free discharge (FD), airbubble-stimulated discharge (ABSD), and wire-guided discharge (WGD). Fig. 2 shows the period of cavity oscillation as a function of the constant plasma channel resistance, Rpl, derived for each discharge. The methodology for obtaining the plasma resistance is described in [13] . Fig. 2 shows that the period of cavity oscillation is a non-linear function of the plasma resistance, which initially increases, then decreases as Rpl increases. It was found in [13] that the maximum values of the period of cavity oscillations for free discharges in water are achieved at plasma resistances which are almost twice the value of the resistance of the pulsed power driving circuit. Further increase in the plasma resistance results in the reduction of the period of cavity oscillation, due to lower values of the energy available at the discharge for these "tail" values of 978-1-5090-4877-9/17/$31.00 ©2017 IEEE Rpl. This non-linear behavior of the period of cavity oscillation is dictated by a combination of several factors, including the energy transfer efficiency from the pulsed power system to the plasma channel, and the breakdown voltage, which defines the energy available to the spark discharge. The observed non-linear behavior has been discussed for free discharges in [13] . Fig. 3 shows the peak magnitude of the primary acoustic signal generated by the expanding plasma cavity. This signal was measured using an un-calibrated piezo-electric transducer (Pinducer VP1093), which generates an output voltage signal which is proportional to the pressure in the underwater acoustic signal. Detailed descriptions of the acoustic measurements are provided in [13] , [14] and [15] . The peak magnitude of the voltage signal (which is proportional to the acoustic signal) as a function of the derived plasma resistance is shown in Fig. 3 for all 3 types of discharges. The black points represent the peak acoustic magnitudes generated by free discharges in water, the grey points represent the peak acoustic magnitudes generated by air-bubble-triggered discharges, and the open points represent the peak acoustic magnitudes generated by wireguided discharges. It can be seen that the "optimal" plasma resistance values are again approximately twice the value of the resistance of the pulsed power circuit. The wire guided discharges produce the strongest acoustic signals. The peak magnitudes of the acoustic impulses produced by airbubble-stimulated discharges are typically higher than those for free discharges in water. The main reason for the stronger acoustic output produced by the wire-guided discharges was that breakdown could be achieved with longer inter-electrode distances by using conductive wires placed between the electrodes. As can be seen from Fig. 3 , in the case of the wire-guided discharges, a 75 mm inter-electrode gap was broken down using the same charging voltage and energy storage capacitance as used for free discharges in a 15 mm gap, the maximum gap length for consistent free discharge breakdown. This longer inter-electrode distances result in a larger surface area of the expanding plasma channel and, therefore, a larger acoustic radiation area. In addition, due to the rapid breakdown and, thus, higher breakdown voltages, more energy is available for deposition into the plasma channel. Therefore, the wire-guided discharges provide, as expected, the strongest acoustic signals. Air-bubblestimulated discharges also allow longer inter-electrode distances to be used as compared with free discharges, thus resulting in stronger acoustic signals than those for free discharges.
Using the current wave-forms and the constant resistance of the plasma channel, the energy deposited into the spark discharge can be calculated [13] . This energy has been obtained for all the breakdown events recorded for the three types of discharge, allowing the functional behavior of the period of cavity oscillation and the peak acoustic magnitude to be obtained. Fig. 4 shows the period of cavity oscillations for free, air-bubble-stimulated and wire-guided discharges, plotted as a function of the energy transferred to the discharge. As before, the darker (black) symbols represent free discharges, the lighter (grey) symbols represent air-bubble-stimulated discharges, and the open symbols represent wire-guided discharges. As Fig. 4 shows, there is a generic scaling, Tcav(W), for all types of discharge, i.e. the functional behavior, Tcav(W), for all three types of underwater discharge can be described by a single analytical function [13] . However, the situation is different for the peak acoustic magnitude. This peak acoustic signal is shown in Fig. 5 as a function of the energy available in the discharge. Free discharges generate acoustic signals with the lowest magnitude as compared with the air-bubble-stimulated and wire-guided discharges (for the same values of energy transferred to the discharge cavity). The wire-guided 978-1-5090-4877-9/17/$31.00 ©2017 IEEE discharges produce the strongest acoustic signal amongst these three types of discharge (again, for identical energy transferred to the discharge channel). Thus, due to the lower pre-breakdown losses and the higher acoustic output achieved for a given energy input in longer inter-electrode gaps, the wire-guided discharges provide the most efficient conversion of the energy released in the plasma channel into acoustic energy in the radiated acoustic impulse. 
III. CONCLUSIONS
This paper presents a cumulative analysis of the hydrodynamic and acoustic characteristics of free, airbubble-stimulated and wire-guided discharges in water. The period of cavity oscillation and the peak acoustic pressure have been presented as functions of the plasma resistance and the energy available in the discharge. It is shown that due to larger radiating surface area (longer inter-electrode distances) achieved in the case of air-bubble-stimulated discharges and for wire-guided discharges in particular, the efficacy of conversion of the energy delivered into the plasma channel into the acoustic energy that the channel radiates is increased. Wire-guided discharges, therefore, have the advantage of providing the highest peak acoustic magnitude for a given pulsed power supply, as compared with two other types of discharge. However, wire-guided discharges require a new wire to be placed between the electrodes for each shot, which may reduce the practical applicability of this method. If repetitive discharges are required, the air-bubble-stimulated method may provide the optimal solution, as using this approach, discharges of increased length and acoustic output compared to free discharges can be generated at the same repetition rate as free discharges.
